Abstract Skeletal muscle injury and healing are multifactorial processes, involving three steps of healing: (1) degeneration and inflammation, (2) regeneration, and (3) fibrosis. Fibrous tissue hinders the muscle's complete recovery and current therapies fail in achieving total muscle recovery. Gene and cell therapy (or both) are potential future treatments for severe muscular injuries. Stem cells' properties associated with growth factors or/ and cytokines can improve muscle healing and permit long-term recovery.
Introduction
Skeletal muscle injuries are the most frequent sports-related lesions and present a challenge in primary care and sports medicine [1] . Muscle injuries occur through a variety of mechanisms, including direct trauma (e.g., lacerations, contusions, and strains) and indirect causes (e.g., ischemia and neurological dysfunction) [2] . After injury, the muscle undergoes different healing stages, consisting of degeneration, inflammation, regeneration, and fibrosis [2] . Complete recovery after an injury is compromised due to the development of fibrous tissue [1, 3] . Skeletal muscle fibrosis could be defined as an abnormal chronic increase in extracellular connective tissue that interferes with function [4] . The presence of fibrosis delays the muscle's full functional recovery and injury may become recurrent [3] . Current therapy for muscular injuries consists of conventional clinical treatments including the RICE (rest, ice, compression, and elevation) protocol, nonsteroidal anti-inflammatory drugs, and intramuscular corticosteroids, which have a limited efficacy in preventing or treating the formation of posttraumatic muscle fibrosis [3, 5, 6] .
As conventional therapy does not provide complete injury regeneration, novel therapies could represent a new treatment option for muscular injuries. Gene and cellular therapies, or the combination of both, appear as the main future therapies for muscle injury treatment.
This review focuses on these two novel therapeutic approaches: gene and cell therapies for muscular injuries. We will discuss the concept of gene therapy, the gene transfer process, and the administration of growth factors using gene therapy methodology. We will also discuss the main cell therapies and the characteristics of each cell type. Finally, we will discuss the combination of gene therapy and cell therapy. By clarifying our understanding of these processes, it may be possible to develop more effective approaches to improve muscle healing and obtain complete functional recovery.
This article is part of the Topical Collection on Muscle Injuries
Roberta Sessa Stilhano and Leonardo Martins contributed equally to this work.
Gene therapy
Gene therapy is the transfer of nucleic acids into the cells with the aim of altering the course of a medical condition or disease, restoring function, establishing new ones, or altering the expression of an endogenous gene in a cell [7, 8] . Nucleic acids are DNA molecules that encode a functional protein into a cell [7] , and many vehicles, named vectors, are used to transfer nucleic acids into the cells. Vectors can be divided into viral and nonviral delivery systems. The viral systems most frequently used in clinical trials are derived from retrovirus, lentivirus, adenovirus, and adeno-associated virus (AAV) (http://www.abedia.com/wiley/vectors.php). Nonviral vectors include plasmids that are a circle of double-stranded DNA that replicates in bacteria or can be chemically synthesized [8] .
Plasmid vectors are superior to viral systems in terms of biosecurity, but are generally inferior in terms of efficiency of gene transfer [9] . Research to develop new systems of nonviral gene transfer has grown. Electroporation [10] , sonoporation [11] use of lipoplexes [12] , polyplexes [13] , transfection by hydrodynamics [14] , and nucleofection [15] are examples of nonviral gene transfers that are efficient and comparable to viral systems. Vectors containing the therapeutic nucleic acid can be introduced into patients using two techniques: ex vivo in which cells are removed, genetically modified, and transplanted back into the same recipient and in vivo therapy in which the genetic material is introduced directly into the patient (Fig. 1) [7] .
Gene therapy has been used in pre-clinical trials to treat muscular injuries, especially to treat muscular fibrosis. The control of tissue fibrosis is a critical factor for injured tissue repair and the most explored pathway involves TGF-β (transforming growth factor beta). TGF-β1 is expressed during myogenesis, and its spatial and temporal expression in the developing connective tissue is correlated with fiber-type composition of the myotubes. Immediately after muscle injury, a very well-coordinated repair process begins. This process includes the release of growth factors and cytokines, proliferation, and migration of macrophages and fibroblasts. These cells increased the production of extracellular matrix components (ECMs). Post-injury tissue resolution is characterized by ECM accumulation, which may be normal or abnormal, depending on the time and severity of the injury. The inflammatory response is useful for cleaning debris from myofibrillar and modulation of regeneration, and the formation of new myofibers starts with satellite cell activation and the proliferation, differentiation, and fusion of the myocytes are the subsequent events [16] . Genes chosen for delivery are diverse and have shown different results; the myogenic regulation involving myostatin and follistatin genes has been extensively studied. There is a tendency to use the AAV [17] , and it is emerging as one of the most popular gene delivery systems because of a lack of pathogenicity in humans, mild immune response, and its long-term and efficient transgene expression in various cells [18] . Some AAVs do not integrate into the cell genome and can exist long term in non-dividing cells.
An adeno-associated vector containing the myostatin propeptide (AAV2-mediated MPRO) promoted healing of skeletal muscle in mice by inhibiting myostatin. These results suggest that this inhibition can be applied in the treatment of myopathies and skeletal muscle injuries [19] . On the other hand, AAV expressing a serotype 1 follistatin isoform (AAV1-FS344) induced an extensive and pronounced increase in strength and muscle mass when injected into the quadriceps of primates [20] . The attenuation of the pro-fibrotic TGF-β1 in the absence of myostatin has been shown [19] .
Other myogenesis-related genes, although less studied, have emerged. The systemic delivery and overexpression of muscle-specific human gene MG53, by AAV in an animal model with muscular dystrophy and congestive heart defect (CHD), promote the repair of the sarcolemmal membrane, pathology mitigation, and improved muscle and heart function [21] .
In addition to genes, proteins involved in the regulation of TGF-β have also been explored; the LTBP4 protein (TGF-β latent-binding protein 4), which regulates the release of TGF-β to the extracellular matrix, increases bioavailability, and has been identified as a modulator in the context of muscular dystrophy fibrosis in mice [22] .
Proteins and growth factors have also been used to enhance angiogenesis and myogenesis. Piccioni et al. [23•] have shown that the Shh gene (sonic hedgehog) was able to activate the expression of myogenic and angiogenic factors thus increasing the capacity of muscle regeneration after injury. The IGF-1 (insulin-like growth factor) gene was used to treat muscle injury and was effective in regenerating muscle fibers and could attract bone marrow stem cells to the injury site and, with this, accelerate tissue repair [24, 25] . An AAV expressing VEGF (vascular endothelial growth factor) was injected 5 days after muscular injury, and the treated group showed a better and faster muscle regeneration [26] .
During the planning of therapies for muscle injuries, both the increase and the suppression of gene expression, the production of the final protein and its likely outcome in tissue resolution should be considered.
Cell therapy
Cell therapy involves the use of cells for treatment. In the case of muscle damage, the cells that have been used most frequently in pre-clinical trials are as follows: MSC (mesenchymal stem cell), myoblast, SC (satellite cell), MDSC (musclederived stem cell), and iPSC (induced pluripotent stem cell).
MSCs are non-hematopoietic multipotent stem cells that adhere to a culture plate [27] . MSCs have the ability to renew and differentiate into multiple lineages of connective tissue, including bone, fat, cartilage, tendon, muscle, and bone marrow stromal cells [27] . These cells were first described by Friedenstein who found that MSCs adhere to culture plates, resemble fibroblasts in vitro, and form colonies [28] . MSCs are present in all adult tissues and in the wall of fetal tissue vessels as part of the pericyte population [29] . In vivo, MSCs are identified by expressing CD146 and CD271, and within the adipose tissue as part as the CD34-positive population [30] . A very rich source of MSC is the adipose tissue and these cells are called ADSC (adipose-derived stem cell). Peçanha et al. [31] showed that ADSCs were able to accelerate muscle recovery of treated animals.
SCs are a heterogeneous group of adult cells, defined by their location between the basal lamina and the sarcolemma of the muscle fiber. They are characterized by the expression of Pax7, Pax3, c-Met, M-cadherin, CD34, Syndecan-3, and calcitonin [32] . In response to fiber damage, these normally quiescent cells activate and proliferate; this process is largely controlled by Myf5 and MyoD. Few Pax7 + MyoD − cells return to a quiescent state, and the majority Pax7 + MyoD + commit to differentiation, exit the cell cycle, and fuse with each other to generate new repaired myofibrils [33] . Satellite cells are rare, accounting for less than 5 % of total myofiber nuclei in humans [34] . One of the problems in the use of myoblast therapy is the muscle biopsies tend to yield a small amount of cells. There is currently a debate about the minimum number of cells needed for an effective therapy but there is evidence that significantly fewer satellite cells are needed to regenerate muscle tissue. Remarkably, transplantation of even one satellite cell is sufficient to give rise to new myofibers and satellite cells [34] . Despite this impressive finding, it is very likely that many more satellite cells will be required when multiple muscle groups are targeted in patients. Unfortunately, ex vivo expansion of murine satellite cells significantly impairs in vivo engraftment potential following transplantation [34] . Fan et al. [35] observed a rapid death of injected myoblasts after transplantation into injured or uninjured muscles of dystrophic mice (mdx) [35] .
Lim et al. [36] used myoblast transplantation in a preclinical study to treat X-linked myotubular myopathy (XLMTM), an isogenic muscle disease characterized by progressive wasting of skeletal muscle, weakness, and premature death of affected male offspring [36] . The authors observed, in treated mice, an increase in skeletal muscle mass, augmented force generation, and increased nerve evoked skeletal muscle action potential amplitude [36] .
MDSCs are multipotent stem cells that were isolated from mouse skeletal muscle and are obtained through a series of steps of plating on collagen plates [37, 38] . Qu-Petersen et al. [38] isolated three different subpopulations of cells from skeletal muscle: although two of them exhibited SC-like characteristics, the third population comprised cells that retained their phenotype for several passages and showed the ability to differentiate into muscle, endothelial and neural lineages. The MDSCs have a high expression of Sca-1, very low levels of viementin (a fibroblast marker), and low levels of desmin and other markers of muscle differentiation [38] . Ota et al. [39] showed that injection of MDSCs 4 days after injury increased angiogenesis and reduced scar tissue. In addition, high levels of VEGF (vascular endothelial growth factor) were found 1 week after injection. In addition, MDSCs expressed high levels of antioxidant, GSH (glutathione) and superoxide dismutase, allowing greater survival of these cells after injection [40, 41] . iPSC are commonly generated by transduction of Oct4, Sox2, Klf4, and Myc into somatic cells in order to create pluripotent cells [42] . They can undergo unlimited selfrenewal and maintain the embryonic stem cell (ESC)-like ability to differentiate into all three germ layers. iPSCs can potentially provide unlimited autologous cells for therapy and therefore hold great promise for regenerative medicine and they have been used for the production of myoblast and satellite cells in vitro. Stem cell-derived myocytes were proven to be a valid cell source, primarily not only because of their good ability to differentiate in vitro but also because of their selfrenewing ability that allows to maintain them in vitro for a long time with no genetic alterations [43] . iPSCs have been used in pre-clinical studies to treat muscular dystrophies. Tedesco et al. [44•] reprogrammed fibroblasts and myoblasts from limb-girdle muscular dystrophy and observed functional amelioration of the dystrophic phenotype and restoration of the depleted progenitors. Abujarour et al. [45] used these cells to generate iPSC lines from fibroblasts of four patients with Duchenne and Becker muscular dystrophies. The authors observed an efficient and rapid myogenesis potential in these cells.
There are many clinical trials using stem cells to treat muscular dystrophies. However, there is only one looking at muscular injury, not involving dystrophy. It is a phase I and II study that uses stem cell therapy to improve muscle function of patients with partly denervated arm muscles (NCT00755586).
Currently, the major concern is to retain these living cells at the injury site so that they can have a prolonged effect. Distefano et al. [46• ] used electrical stimulus and showed that the cells remained longer at the site of injury. Park et al. [47•] used losartan associated with ADSC and achieved a greater reduction in fibrosis following injury.
Future therapies: gene and cell therapy
The uses of gene and cell therapies are promising, and the combination of the properties of stem cells with growth factors may be a future alternative therapy for faster recovery from a muscle injury. A patient-specific treatment can be designed associating gene therapy and stem cells. A variety of gene therapy methods using plasmids, virus (lentivirus, adenovirus, retrovirus), recombinases (phiC31, Bxb1, Cre), transposons (Sleeping Beauty, Piggy Bac), and the new systems TALEN and CRISPR is available to overexpress factors, correct one deficient gene, or permit a long-term permanency of stem cells in the tissue. The combination stem cells+gene therapy has been used in pre-clinical studies to treat muscular dystrophies. Zhao et al. [48] reprogramed mdx fibroblasts, using phiC31 integrase to insert a single copy of the reprogramming genes at a safe location in the genome and produced iPSC. They used Bxb1 integrase to add the therapeutic full-length dystrophin cDNA to the iPSC in a site-specific manner. Unwanted DNA sequences, including the reprogramming genes, were then precisely deleted with Cre resolvase. Myogenically differentiated cells derived from mdx iPSC could be engrafted in mdx/ SCID mice and restored dystrophin expression in myofibers in vivo. Gullota et al. [49] used MSCs genetically modified with scleraxis (Scx)-a basic helix-loop-helix transcription factor that is thought to direct tendon development during embryogenesis. The purpose of the study was to determine if the application of MSCs transduced with adenoviralmediated scleraxis (Ad-Scx) could improve regeneration of the tendon-bone insertion site in a rat rotator cuff repair model. The augmentation of acutely injured rotator cuffs with Scxtransduced MSCs may improve rotator cuff tendon healing and reduce the incidence of re-tears.
Conclusions
Functional recovery of severe muscular injuries remains limited; the major problem is the formation of scar tissue and functional impairment, and conventional therapies have limited results. Researches have been working on the development of new therapies in order to improve the muscle healing. The delivery of growth and myogenic factors to the injured muscle through gene therapy has shown promising results in preclinical studies. Since 1989, gene therapy has been transformed into a reality with more than 2000 clinical trials around the world (www.abedia.com). Gene therapy can be a novel approach for the treatment of muscular injury.
Cell therapy has had more pre-clinical studies than gene therapy; however, there is only one clinical trial evaluating the use of cells for muscular injury. Stem cells can be used to treat the muscle injury as long as the maintenance of the cells in the injured tissue can be prolonged. Associating gene and cell therapy may solve this concern.
This review has discussed the latest gene transfer methodologies that can increase the life span of stem cell in the tissue, promoting long-term healing. The purpose of this review was to illustrate the highlights as well as hurdles that remain for developing successful gene and cell therapy application.
